[1] Remarkably little is known about the Cretaceous rifting process between New Zealand and Antarctica that affected the submarine regions within the New Zealand microcontinent. Bounty Trough provides insights into these breakup processes. Here we present results from a combined gravity, multichannel seismic, and wide-angle reflection/refraction seismic transect across the Middle Bounty Trough and interpret these results on the basis of velocity distribution and crustal composition derived from Poisson's ratio and P-wave velocity. The lower crust exhibits a high-velocity (v p ffi 7 -7.7 km/s, v s ffi 3.9 -4.5 km/s), high-density (r = 3.02 kg/cm 3 ) body at the location of the thinnest crust on the profile. Here the crustal thickness is reduced to about 9 km from 22-24 km beneath Chatham Rise and Campbell Plateau. We interpret the high-velocity/density body as a magmatic intrusion into thinned continental crust. Our results show that the Cretaceous opening of Bounty Trough was very likely not the result of back-arc extension caused by collision of the Hikurangi Plateau with the Gondwana margin, but of continental breakup processes related to the separation of New Zealand from Antarctica. Rifting ceased in the Middle Bounty Trough at the onset of seafloor spreading. Comparisons with the Oslo Rift and the Ethiopian/Kenya Rift indicate that all three rift systems show analogous extensional features. From this we derive a stretching model for the Bounty Trough that combines elements of pure shear and simple shear extension.
Introduction
[2] Rift systems play a key role in the Wilson Cycle and give important insights into the processes and driving mechanisms that control the breakup of continents [Woodcock, 2004] . Many conjugate margins exhibit a distinct asymmetry that is often correlated with detachment faults accommodating large strains during extension [Whitmarsh et al., 2001] . Observations at rifts indicate that extension generally does not follow either of the accepted end-member extension models of ''uniform stretching'' or ''simple shear'' [Lister et al., 1986] , but may consist of a succession invoking both [Ro and Faleide, 1992] . Quantifying the amount of crustal stretching allows refinement of plate tectonic reconstructions, since most plate kinematic reconstructions do not take into account rifting prior to seafloor spreading.
[3] The Bounty Trough is a bathymetric feature, up to 3 km deep, overlying a Cretaceous sedimentary basin in a submarine continental plateau. It separates the Campbell Plateau and Bounty Platform from the Chatham Rise ( Figure 1 ). Thick (2 km) stratified sedimentary layers, which have mainly accumulated since the late Pliocene, characterize the modern Bounty Trough [Davey, 1977; Carter, 1987, 1993] . From seismic information, Carter et al. [1994] came to the conclusion that the Bounty Trough has a rift origin. Carter and Carter [1987] mentioned that new seafloor was not created within the rift, whereas Davy [1993] interpreted quasi-symmetric magnetic anomalies and rotated basement blocks as evidence for Permian back-arc/oceanic crust reworked by Cretaceous extension.
[4] A number of plate tectonic reconstructions of the region have been made on the basis of geological observations [Kamp, 1986] , palinspastic reconstructions [Gray and Norton, 1988] and magnetic data [Sutherland, 1999; Eagles et al., 2004] . While a Santonian to Campanian timing of Bounty Trough opening can be indirectly derived from geological and plate tectonic evidence [Wood and Herzer, 1993; Eagles et al., 2004] , the trough's role in the regional plate tectonic context is still poorly constrained.
[5] Knowledge of the regional rifting mechanisms may also improve the understanding of the differences between Marie Byrd Land and the New Zealand continent. Campbell Plateau and Chatham Rise rifted from the Marie Byrd Land and Ellsworth Land sectors of Antarctica. All of theses regions, appear to have a similar crustal composition [Wandres et al., 2004, and references therein] , and crustal thickness ($25 km), but a different elevation relative to the sea surface [Ritzwoller et al., 2001] . While Chatham Rise and the Campbell Plateau are submarine plateaus at 500 m depth or deeper, Marie Byrd Land rises at least 500 m above sea level [Winberry and Anandakrishnan, 2004] , while a uniform elevation of the four crustal blocks mentioned above prior to rifting [LeMasurier and Landis, 1996] is suggested. An improved knowledge of the crustal structure and rifting process should contribute to our understanding of the differential uplift and/or subsidence processes. Knowledge of the composition and the opening/extensional history of the Bounty Trough is important because of the trough's key position in the reconstruction of the Gondwana breakup between Antarctica and New Zealand [Eagles et al., 2004] (Figure 2 ). Whether the Bounty Trough is underlain by oceanic crust or thinned continental crust, and whether the Bounty Trough is a back-arc basin or a failed rift arm of a triple junction at its mouth are questions that are still under debate [Davy, 1993; Sutherland, 1999] . A better knowledge of the roles played by these different processes will significantly improve plate kinematic models of the New Zealand region and will contribute to understanding of the opening mechanisms of continental rifts worldwide.
[6] Rift processes and elements of extension models (e.g., successive uniform stretching and simple shear) can be tested by means of deep crustal seismic surveys and potential field methods. To investigate the mechanisms of the Bounty Trough opening and its role in the early development of the southwest Pacific, the Alfred Wegener Institute for Polar and Marine Research (AWI), the Institute of Geological and Nuclear Science (GNS), and Macquarie University conducted deep penetrating seismic and potential field experiments (CAMP project) across the Campbell Plateau and the Bounty Trough. This paper focuses on the combined gravity, multichannel reflection, and refraction/ wide-angle reflection seismic transect, AWI-20030002, running north-south across the Middle Bounty Trough at 177.5°E (Figure 1 ). Our findings define the prerift size of the Campbell Plateau/Chatham Rise and thus help to further constrain reconstructions of the late Gondwana breakup.
Geological Setting
[7] The Bounty Trough is a Cretaceous rift feature according to Krause [1966] and Carter et al. [1994] , interpreted by Davy [1993] as a feature of back-arc extension. It was formed during the late stages of Gondwana breakup [Eagles et al., 2004] . Running east-west for $1000 km and with a width of $350 km, the trough separates the Chatham Rise in the north from the Campbell Plateau with its northeastern part, the Bounty Platform.
[8] Bounty Trough deepens toward the Pacific Ocean in a series of broad terraces [Davey, 1977] . Two ca. 1 km high basement steps [Carter et al., 1994] separate the Bounty Trough into three subbasins. The steps can only be distinguished in bathymetry data (Figure 1) , and give rise to no gravity anomalies in the satellite data ( Figure 3 ). The prominent Bounty Channel, one of the world's major drainage channels, cuts deeply into the sediment fill along the axis of the Bounty Trough [Carter and Carter, 1987] .
[9] The timing of the Outer Bounty Trough opening is relatively well known: A linear magnetic anomaly immediately south of the Chatham Islands has been associated with oceanic crust. This anomaly might be the young end of anomaly 34, formed during the earliest seafloor spreading ($83 Ma) between Marie Byrd Land and New Zealand [Davy, 1993 [Davy, , 2006 . Carter et al. [1994] postulated that the basal sedimentary unit (D1) in the Outer Bounty Trough might be as old as early Cretaceous. East-west trending midCretaceous faults define the margin between Chatham Rise and the Bounty Trough. These faults imply a similar age of initial faulting and sedimentation in this region [Laird, 1993] , too. Wood and Herzer [1993] , using seismic data from the Chatham Rise area, interpreted Bounty Trough rifting as having ceased in late Campanian times . This is later than in a recent plate tectonic reconstruction [Eagles et al., 2004] , where the opening of Sandwell and Smith, 1997] and data from the BEDMAP compilation for onshore Antarctica [Lythe et al., 2000] . Blue and green colors indicate negative free-air gravity values; orange, red, and white colors indicate positive free-air gravity anomalies. Areas not included in the modeling process, or subducted areas, are shaded in solid gray. Abbreviations are Ant: future Antarctic plate, AP: Antarctic Peninsula, BT: Bounty Trough, CP: Campbell Plateau, ChR: Chatham Rise, HiP: Hikurangi Plateau, MBL: Marie Byrd Land, NI: North Island of New Zealand, and SI: South Island of New Zealand.
Bounty Trough occurs prior to 83 Ma. On the basis of an investigation of the Otago Schist, Forster and Lister [2003] proposed two phases of extension in the eastern New Zealand region during the Cretaceous. A first phase occurred parallel to the margin of Gondwana at ca 115 Ma. At ca 110 Ma, extension rotated by approximately 90°, perpendicular to the Gondwana margin. Following the ideas of Bradshaw et al. [1996] , Forster and Lister [2003] suggested that extension of the Bounty Trough occurred at ca 115 Ma and lasted until ca. 85 Ma. The zone of crustal extension is suggested to have continued across the then South Island of New Zealand.
[10] Davy [1993] identified a set of quasi-symmetric magnetic anomalies that are aligned approximately parallel to the axis of Bounty Trough. The source rocks of these anomalies lie within the basement, which was suggested to consist of Permian to Triassic ocean crust because the onshore continuation of the anomalies lies in the Permian Dun Mountain Ophiolite Belt [Carter et al., 1994] . On newer maps of magnetic anomaly intensity in this region, the linear nature of individual anomalies within the Bounty Magnetic Anomaly System is not so distinct [Sutherland, 1999] . A moderate correlation with some gravity anomaly structures, as seen in the satellite altimetry derived data set , suggests that the Bounty Trough magnetic anomaly pattern does not represent a remanent magnetization caused by field reversals. However, the magnetic anomalies in the Bounty Trough do raise the question of whether Bounty Trough opening followed any preexisting Permian structure [Davy, 1993] . Alternatively, the magnetic anomalies might be related to Cretaceous igneous activity [Sutherland, 1999] .
[11] In the Middle Bounty Trough, sediments are underlain by highly fractured basement structures [Davey, 1977] . A block-faulted basement floors the Inner Bounty Trough. Cretaceous half-grabens face north within the basement of the Inner Bounty Trough [Wood and Herzer, 1993] in a 100 Â 100 km area south of the trough axis near 174°E [Davy, 1993] . Elsewhere, wherever half-grabens are observed, they face dominantly to the south. East of 178.5°W, Davy [1993] has interpreted oceanic crust. Additional information about the crustal structure of the Bounty Trough can be inferred from examination of the crust of the adjacent plateaus, Chatham Rise and Bounty Platform. Chatham Rise is a submerged continental plateau, whose basement consists of Upper Paleozoic and Mesozoic schists and greywackes of the Torlesse Terrane [Adams and Robinson, 1977; Bradshaw et al., 1981] . Dredged samples from near the Bounty Islands, on the Bounty Platform, are comparable with early Paleozoic metasedimentary rocks (e.g., Greenland Group) [Beggs et al., 1990] . The Bounty Islands themselves are mostly composed of Early Jurassic Figure 3 . Satellite gravity anomaly map of the Bounty Trough. Contour intervals are 20 mgal. Gravity lineaments trend at N45E, an angle of 45°to the Bounty Trough axis. In the Middle Bounty Trough, regional gravity anomalies match magnetic anomalies (white outlined areas, after [Sutherland, 1999] granodiorites correlative to the Median Tectonic Zone (Median Batholith) [Beggs et al., 1990; Kimbrough et al., 1994] . Bradshaw [1991] supposed, from geological evidence, that the preopening crustal thickness of the present northern Campbell Plateau might have been approximately 40 km.
Data Acquisition and Processing
[12] Line AWI-20030002 of the CAMP experiment is a 410 km long transect crossing the Bounty Trough from the Campbell Plateau to Chatham Rise. Along this line, we acquired a combined refraction/wide-angle reflection and multichannel seismic (MCS) data set ( Figure 1 ). The receiver arrays were a single 2150 m long streamer, and 20 GEOPRO ocean bottom seismographs (OBS) equipped with three-component 4.5 Hz geophones and a hydrophone. An array of six G-Guns 1 , with a total volume of 48 l (2980 in 3 ) [Gohl, 2003] generated the signals. OBS stations were spaced at $17.5 km intervals; shot spacing was approximately 150 m. Bathymetry and water depths along the profile were recorded with R/V Sonne's onboard SIMRAD 1 EM-120 and Parasound systems. We converted the OBS data to SEGY format and applied corrections for the drift of the OBS clock. Exact OBS along track positions at the seafloor were relocated using direct wave arrivals. The maximum horizontal distance between an OBS deployment location and its position on the seafloor was 280 m.
[13] To enhance the signal-to-noise ratio, the data were filtered with a time-and offset-dependent band-pass filter, deconvolved with a 200 ms spiking deconvolution, and FK filtered at large-offset ranges to suppress wraparound noise from previous shots. After each of these processing stages, we picked seismic phases. The resulting picks were carefully compared with each other for the highest signalto-noise ratio data in order to exclude phase shifts caused by any of the three processing steps.
[14] Multichannel seismic data were processed in a standard processing stream comprising sorting (50 m commondepth-point (CDP) interval), a detailed velocity analysis (every 50 CDPs), multiple suppression via a Radon transform, spike deconvolution to remove the bubble effect, corrections for spherical divergence and normal moveout, residual static corrections, stacking, and post-stack time and depth migration with an emphasis on enhancing of deep reflections. Further details of the processing and interpretation of these multichannel seismic reflection lines are given by G. . Only a few discontinuous reflective patches can be seen beneath the acoustic basement reflector. The internal structure of this interpreted basement is poorly defined in the trough. Moho cannot be observed anywhere in the reflection seismic data.
Refraction Seismic Data
[17] The vertical component of the OBS data record shows coherent P-wave phases at up to 120 km offset ( Figures 5 and 6 ). S-wave phases can be seen in the horizontal components of the OBS data at up to 70 km offset, with a lower signal-to-noise ratio than the vertical component recordings (Figures 7 and 8 ). P-wave sections ( Figure 5 ) consistently show high-amplitude wide-angle reflections from the Moho (P m P). A few records contain intracrustal reflections of low amplitude (P c P). An example of the P c P-phase is displayed for OBS 05 (Figure 5d ).
[18] We identified refraction arrivals from two layers above and two layers below the acoustic basement. However, an exact separation into different crustal phases was impossible because of the strong influence of topography in the records. Apparent velocities of phases traveling through the middle and lower crust beneath the Bounty Channel are distinctly higher than the average apparent velocity over all stations, whereas phases traveling through the crust of the Bounty Platform are slower. On some of the OBS records, we observed weak P n phases (refractions within the uppermost mantle) ( Figure 5 ).
[19] Horizontal component sections suffer from strong ringing and are thus of lower quality. However, a sufficient number of records show crustal refraction phases (S g ) ( Figure 7 ) and reflections from the Moho (S m S). Because of interfering P-and S-phases at small offsets (<12 km), it was impossible to detect refractions from the sediment layer.
Seismic Traveltime Modeling
[20] We applied a layer-stripping procedure to refine the velocity-depth model by forward modeling. The MCS profile provided boundary conditions for the seafloor and acoustic basement depths. The forward modeling was followed by a successive traveltime inversion [Zelt and Smith, 1992] to fine-tune the model, using all P-wave reflected and refracted phases. At this stage we only allowed positive velocity gradients. As only very few shallow wideangle reflections can be seen in the data, the top of acoustic basement taken from the MCS was retained. Another velocity interface was introduced into the middle crust of the model to provide a change in the velocity gradient only. Intracrustal reflections (P c P) associated with this interface, were recorded by only one OBS (station 16, Figure 6 ).
P-Wave Modeling
[21] While the resolution of the velocity-depth model ( Figure 9 ) can be calculated within the inversion scheme [Zelt, 1999] , it is more difficult to quantify errors in phase identification and discrimination. Therefore we set the pick uncertainties from 40 ms to up to 125 ms depending on the signal-to-noise ratio [Zelt and Forsyth, 1994] . Although the true pick uncertainty might be lower than the assigned pick uncertainty, an estimate of the uncertainty in correct phase identification is included with this value [Berndt et al., 2001] .
[22] The traveltime inversion process helps assess the model quality as it calculates rms errors, model-based traveltimes, and Chi-squared values for each branch of the traveltime curves (Table 1) . With the uncertainties presented above we calculated traveltime residuals and normalized Chi-squared values. These values accompanied by the number of picks are presented in Table 1 . The overall rms misfit is 0.138 s with a normalized Chi-squared value of 1.972, which is close to the optimum of 1. Figure 10 presents the values of the main diagonal of the resolution matrix of the P-wave velocity depth model. Maximum resolution is represented by a value of 1. Smaller values denote a spatial averaging of the true earth by a linear combination of model parameters [Zelt, 1999] . Resolution matrix values greater than 0.5 indicate well resolved nodes.
[23] Our P-wave model is best resolved (Figure 10 ) in the upper and lower crust over the range of the complete Bounty Trough and main parts of the Bounty Platform and Chatham Rise, where ray coverage is densest. As more rays turn in the upper part of a layer, this part is generally better resolved than the lower part of the layer. A reasonable (0.5 -0.6) resolution is calculated for the uppermost mantle in the central part of the Bounty Trough. A change in the geometry of the Moho, and limited offsets, did not allow recording P n phases at the flanks of the trough. Many regions of the velocity model are less well resolved for the sediment layers. Because of smaller offset ranges and the masking effect of high-amplitude direct wave arrivals [White and Matthews, 1980] upper parts of the model are less covered with overlapping rays. Structural uncertainties in the upper layers are reduced by reference to the coincident MCS line. Intracrustal layer boundaries are not well resolved, but they were introduced to allow for changes in velocity gradient. In contrast to the intracrustal interfaces, the Moho is very well resolved because of a high number of P m P phases. 91% of the nodes have resolution values greater than 0.90, 82% values greater than 0.97.
S-Wave Modeling
[24] For this model ( Figure 11 ) we assigned the same layer interfaces as in the P-wave model, assuming that the observed P-and S-wave energy was generated at the same seismic boundaries and that anisotropy is negligible [ Musacchio et al., 1997] . We derived an initial S-wave velocity model by converting P-wave model velocities to S-wave velocities using constant Poisson's ratios for each individual layer. Most of the layers were converted with a standard value of 0.25, but for the sedimentary layer a value of 0.38 was used to allow for the significantly lower S-wave velocities in sediments [Digranes et al., 1998 ]. Subsequently, we started a forward and inversion process analogous to the P-wave modeling using S g and S m S phases picked in the horizontal component sections. During these processes we only allowed the velocity nodes to vary in value.
[25] Because of a low signal-to-noise ratio for S-wave phases we assigned pick uncertainties up to 250 ms. Therefore we allowed for an increased ambiguity in the phase discrimination because of interference and possible intrabed multiples. The number of interpreted S-wave phases is considerably smaller than the number of P-wave phases, resulting in fewer and smaller well-resolved areas (Figures 6 and 8 ) and an increased rms-misfit (Table 2 ). The overall rms residual is 0.216 s with a normalized Chisquared value of 1.334. In general, poorly resolved regions in the P-wave model have even worse resolutions in the S-wave model, whereas regions with a high resolution in the S-wave model also are well resolved in the P-wave model (Figure 12 ). In particular, the upper crust and the lower sedimentary layer in the northern Bounty Trough (50 -220 km) exhibit high to very high resolution values (0.6 -1.0). The upper crust of the Bounty Platform (320-370 km) is also well resolved. However, the upper crust beneath the Bounty Channel and the sedimentary layers have a low resolution; here poor data quality is likely due to interference within the wave field and energy loss due to phase conversion at the seafloor. With only very few exceptions the only observed reflection phases are S m S phases. Resolution values of the parts of the Moho covered by S m S reflections lie mainly above 0.75. The S m S phases can be fit very well using the Moho depth taken unchanged from the P-wave model. This fact adds additional confidence to the P m P phase modeling results.
Poisson Ratio Model
[26] The Poisson's ratio (s) is an expression of the ratio v p /v s . s is strongly influenced by the mineralogy of rocks, in particular by the amount of plagioclase feldspar (s = 0.30) and quartz (s = 0.09), while pressure and temperature have only minor influence [Christensen, 1996] . In order to derive a model of s (Figure 13 ) from the P-and S-wave model, we kept the number of velocity and depth nodes in both models the same. Subsequently, we calculated s for each single velocity node.
[27] The s models often show a higher variability than separate v p and v s models. This reflects a higher sensitivity to changes in the lithology [Musacchio et al., 1997] and a larger error in model parameters. Errors of 2% in both v p and v s can result in an error of over 9% in s [Christensen, 1996] . Therefore we manually removed small-scale variations depending on values of adjacent nodes in the s model. After the calculation of the s model (Figure 13 ), we deleted obviously erroneous s values (<0.20 and >0.32) in short wavelength variations. The high number of remaining reasonable values gives additional indication for the reliability of the velocity models.
Discussion of Seismic Models
[28] We calculated average crustal seismic velocities over those parts of the model, where the ray coverage reached down to the Moho. Seafloor topography, average crustal seismic velocity and velocity-depth models divide profile AWI-20030002 into four domains coinciding with Chatham Rise (A), the northern Bounty Trough (B), the southern Bounty Trough (C), and the Bounty Platform (D). Average crustal P-wave velocities range mainly from 6.4 -6.6 km/s for Chatham Rise and Bounty Platform (A and D) and rise to 6.85 km/s and 7.3 km/s above the high-velocity bodies in the northern and southern Bounty Trough (B and C) (Figure 9 ). Average crustal velocities, Moho depths, and Poisson's ratios at some positions of the profile are summarized in Table 3 .
P-Wave Model
[29] The upper sedimentary layer shows minor lateral velocity variations. Here, P-wave velocities range from 2 to 3.5 km/s in up to 2 km of stratified sediments, except for the Bounty Platform, where the sediment coverage reaches only less than 100 m. Davey [1977] , using unreversed sonobuoy data from the Inner Bounty Trough, reported velocities from 1.9 to 2.2 km/s for the upper sedimentary layer and 2.7 to 3.9 km/s for the lower sedimentary layer, consistent with our sediment velocities.
[30] P-wave velocities range from 3.3 to 3.8 km/s at the top of the lower sedimentary layer and 4.9 to 6 km/s at the bottom of the lower sedimentary layer with the highest values at the Chatham Rise. The situation at Bounty Platform is different with significantly higher velocities of 5.7 to 6 km/s and a low vertical gradient. There is only little control over the bottom of this layer across the Bounty Platform. It is most probable that the 5 km/s velocity line across the Bounty Platform represents the transition between sediments and basement, suggesting that basement crops out at the Bounty Platform. The layer thickness averages 3 -4 km. Davy [1993] reported higher-velocity values of 5.9 to 6.5 km/s at depths of 1.5-3.5 km below the seafloor (b.s.f.) for the basement in the Bounty Trough in unreversed sonobuoy data.
[31] The upper crustal layer thickens from 3 km under Bounty Trough to 8 km beneath the Bounty Platform. This layer has the strongest lateral velocity variations: Velocities range from 5.5 to 6.5 km/s beneath the Chatham Rise (part A). In the northern Bounty Trough (part B), P-wave velocities slow down in average, at the top of the layer they decrease to ca. 5 to 6.0 km/s, but are nearly the same at the base of the layer. In southern Bounty Trough (part C) beneath the Bounty Channel, velocities increase to 6 to 7.2 km/s. Davey [1977] gave basement velocities of 5.0 to 5.6 km/s at depths of 2.5-3 km (b.s.f.) for the Middle Bounty Trough and about 6.2 km/s for the Inner Bounty Trough, which is consistent with our findings. The upper crustal velocity structure of the Bounty Platform is remarkably homogeneous, with velocities of 6 to 6.5 km/s and a low vertical velocity gradient. Generally, there is no distinct boundary between the upper and lower crust. It is merely a nonreflecting interface to allow measured gradient changes. The lower crust thins from 15 km thickness under Chatham Rise and the Bounty Platform (regions A and D) to about 6 km under the Bounty Channel.
[32] The lower crustal velocities of the Chatham Rise range from 6.2 to 7 km/s and increase to 6.8 to 7 km/s in northern Bounty Trough (part B). Further south, in the Bounty Trough, P-wave velocities increase to 7 to 7.7 km/s and slow down to 6.2 to 7 km/s beneath Bounty Platform (part D). On average, the lower crustal velocities of Bounty Trough (parts B and C) are 10 to 15% higher than those of the Chatham Rise and the Bounty Platform.
[33] The Moho can be defined by a large number of reflected phases and a few P n phases. The entire crust thickens from 15 km under the Bounty Trough to 23 km under the Bounty Platform, and 22 km under the southern Chatham Rise. These findings agree very well with the results from gravity modeling by Davy and Wood [1994] who assigned a maximum crustal thickness of 23 -26 km beneath the Chatham Rise. Velocities in the upper mantle vary from 7.7 km/s to 8.2 km/s.
S-Wave Model
[34] In general, our S-wave model ( Figure 11 ) images most of the main features of the P-wave model, while the crustal average shows only some trends. Above the highvelocity body in the lower crust of Bounty Trough (part C) the average crustal shear wave velocity rises to 4.2 km/s, but it drops to some 3.5 km/s elsewhere. Because of lower coverage, the average crustal shear wave velocity has only been calculated in regions with ray coverage down to the Moho.
[35] The upper sedimentary layer has S-wave velocities of 0.9 to 1.4 km/s, but this layer is poorly resolved, so that these values should be regarded with caution. The same can be said for the lower sedimentary layer, except on Bounty Platform (part D). Velocities in the lower sedimentary layer range from 1.7 to 3.2 km/s in Chatham Rise and Bounty Trough (parts A -C), whereas the second layer from top at the Bounty Platform has S-wave velocities from 3.3 to 3.4 km/s.
[36] S-wave velocities in the upper crust range from 3.2 to 3.6 km/s. They are homogenous throughout the complete layer, except for a small area under the Bounty Channel, a region of the model that is poorly resolved.
[37] The lower crustal layer is the best-resolved part of the S-wave model for Chatham Rise and Bounty Trough (parts A-C); Bounty Platform (part D) is not resolved at all. Under the Chatham Rise velocities range from 3.5 to 3.9 km/s and increase to 3.6 to 4 km/s under the northern Bounty Trough (part B). Southern Bounty Trough (part C) shows the highest S-wave velocities ranging from 3.9 to 4.5 km/s under the Bounty Channel.
Poisson Ratio and Crustal Composition Models
[38] As the resolution of the P-wave model is better than that of the S-wave model, the quality of the s model ( Figure 13 ) is mainly dependent on the S-wave model. The s model shows some important trends. The northern part of the profile reveals low average values of s in the crust that rise above the two zones of P-wave velocity highs. A peak, 200 km along profile, seems to result from low ray coverage at the shear wave model and a generally higher variability of the s. [40] Individually, v p and v s models, or s models are considerably nonunique when interpreted for rock composition, because many rock types have similar P-wave velocities but different s, or vice versa [Christensen, 1996] . Nonetheless, comparisons of borehole samples with lithologies predicted by refraction velocities suggest that refraction velocities can predict regional lithological trends [Digranes et al., 1996] . The nonuniqueness of s models can be limited by comparing s to v p , and attempts to classify rock types by v p and s have enabled further constraints to be placed on the crustal composition [Christensen, 1996; Musacchio et al., 1997] . The s and v p values, plotted in a graph for representative rock types after Christensen [1996] (Figure 14) , show fields where rocks are more likely to be mafic or felsic [Musacchio et al., 1997] . In order to derive a crustal compositional model (Figure 15 ), each corresponding pair of nodes of the crustal layers of the P-wave model and the Poisson's ratio model was plotted against the fields of rock composition (felsic/mafic). Depending on the position in the graph, a rock composition was assigned to this node and plotted in the crustal compositional model. In cases where the assignment of the crustal composition was ambiguous, the values of the adjacent nodes guided the decision.
[41] The compositional model ( Figure 15 ) shows regions of high probability for felsic composition in most of the crust of the Bounty Trough. Three major exceptions from this observation exist in the lower crust: Our model reveals high probabilities for mafic composition in the base of the lower crust beneath Chatham Rise (part A), a portion of the base of the lower crust in northern Bounty platform (part B) and the entire lower crust and the base of the upper crust of southern Bounty Trough (part C). This mafic material in southern Bounty Trough (part C) can be correlated with the high-velocity and high-gravity bodies in the thin crust of the Bounty Trough. An area of 30% of this profile across the Bounty Trough between 50 and 325 km is strongly affected by intrusions, or about 860 km 2 of this cross section. We assume that 80% of this intruded material is of mafic origin [Ilchenko, 1996] . If this represents an average amount of intrusion over the entire length of Figure 14 . V p and Poisson's ratio plotted in a combined graph. Plots show the fields of mafic and felsic rock composition for 400 MPa and 1000 MPa at middle and lower crustal depths. Gray areas of rock composition are plotted as a compilation of measurements by Christensen [1996] . Stars are values taken from the P-wave velocity and Poisson's ratio model of the Bounty Trough.
Bounty Trough, the volume of intruded mafic material is around 688,000 km 3 .
Discussion of Gravity Data
[42] The gravity anomaly principally reflects the bathymetry of Bounty Trough, which, in turn, reflects crustal thinning beneath the Bounty Trough (Figure 16 ). The gravity model has been tied to an assumed oceanic crustal thickness southeast of Chatham Rise, and is broadly constrained by refraction solutions for the top and the base of the crust. Crustal thinning, as well as the deepest water depth, is concentrated in the southern Bounty Trough with a sharp increase in crustal thickness south of 300 km where the profile crosses onto the Bounty Platform. Against the broader pattern of crustal thinning in the Bounty Trough, the gravity anomaly pattern reveals structures with a wavelength of 75-100 km.
[43] A broad, ca. 25 mgal, positive anomaly centered near the axis of the Bounty Trough is partly modeled by a high- density body of 3.02 g/cm 3 reaching up into the middle crustal layer against a background value of 2.9 g/cm 3 for the lower crust and 2.67 g/cm 3 for the middle crustal layer (Figure 16 ). Similar anomaly variations further north have been principally modeled by variations in crustal thickness. Gravity highs observed in the shipborne free-air gravity measurements correlate well with subparallel gravity lineations that can be seen in the satellite gravity data set . Magnetic anomalies from marine magnetic measurements correlate well with some of the observed gravity anomalies (Figure 3 ), but not with others [Sutherland, 1999] . The better correlations appear in the Middle Bounty Trough, suggesting that potential field anomalies there could be attributed to mafic material intruded into the crust, whereas those in the Inner Bounty Trough may not.
Tectonic Implications
[44] Reflections from the Moho (P m P and S m S-phases), as well as the gravity model indicate a decreased Moho depth under the Bounty Trough and a strongly asymmetrical Moho topography with a steep southern flank and a gentle northern flank.
[45] The MCS section of the Bounty Trough revealed rather well stratified upper sedimentary layers and almost transparent lower sedimentary layers that appear at first glance to be upper crystalline crust at this depth. However, our P-wave velocity-depth model revealed seismic velocities of ca. 3.7-5.4 km/s for this layer, too low for crystalline crust. Mortimer et al. [2002] observed acoustically transparent regions in the South East South Island (SESI) transect and interpreted them as weakly metamorphosed sediments (e.g., Murihiku Terrane). P-wave velocities for the Murihiku Terrane at shallow depths range from 4.7 to 5.4 km/s [Godfrey et al., 2001 ]. Therefore we suggest a similar metasedimentary origin for the acoustically opaque zone in the Bounty Trough. The lack of stratification could be caused by periods in which the sediments have been mechanically and thermally reworked by alternating phases of extension and compression. Forster and Lister [2003] proposed the idea of a Cretaceous change in the direction of extension in the Bounty Trough. However, their model, based on the Otago Schist, does neither explain the rough topography of the acoustic basement nor the acoustically transparent layers beneath, as the compressional elements are lacking in their reconstruction.
[46] The high-velocity body, in both P-wave and S-wave seismic models at 220-280 km, coincides well with a highdensity body in the gravity model (Figures 9 and 16 ). As we cannot correlate observed gravity highs with basement highs interpreted in older single channel seismic (SCS) data [Davey, 1977] , we rule out basement fault blocks as the source of the gravity highs. Our compositional model shows mafic rocks reaching up into the upper crust in southern Bounty Trough (part C) and at the base of the lower crust in northern Bounty Trough (part B). In continental rift zones, very similar crustal high-velocity/high-gravity bodies have often been interpreted as mafic intrusions [Ilchenko, 1996; Keranen et al., 2004] . We interpret the high-velocity body of southern Bounty Trough (part C) as a mafic body intruded into the lower and upper crust and the highvelocity zone, further north, as possible underplating at the base of the crust.
[47] A gravity map of the Bounty Trough shows several gravity lineations striking at ca. 45°to the Bounty Trough axis (Figure 3) . Gravity highs and en echelon faulting in the Gulf of Aden strike at the same angle to the rift axis. Because of the position and strike direction of the gravity anomalies in the Gulf of Aden, these structures are interpreted as the expressions of magmatic cells related to incipient seafloor spreading [Dauteuil et al., 2001] . Dauteuil et al. [2001] interpret the fact that the magmatic cells are arranged at an angle of ca. 45°to the axis of extension, as a sign of oblique rifting. We suggest that the gravity pattern in the Bounty Trough and, in turn, the mafic intrusions are comparable to those magmatic cells in the Gulf of Aden, indicating a NW-SE oblique rifting trend in the Bounty Trough.
[48] Modeled seismic velocities and crustal thicknesses (Figure 9 ) indicate that the Chatham Rise and Bounty Platform are composed of continental crust, consistent with outcrop and dredge samples at the Chatham Islands and Bounty Island, where rocks of the Torlesse Terrane and Greenland Group have been found [Adams and Robinson, 1977; Beggs et al., 1990] . However, the seismic P-wave velocities beneath Bounty Platform and Chatham Rise are slightly higher than velocities modeled for the Torlesse Terrane in the SIGHT experiment at the eastern end of the Canterbury Basin [Van Avendonk et al., 2004] . The results of the SIGHT lines [Scherwath et al., 2003; Van Avendonk et al., 2004] modeled the lower crust as oceanic crust, based on the consistent observations of a deep intracrustal reflector and P-wave velocities of 6.9-7.1 km/s, with little lateral velocity variation. The velocity information is based on a few observed turning rays only. In our models, we do not observe this deep intracrustal reflector or the homogeneous velocity layer directly above the Moho, and therefore cannot associate the oceanic crust interpreted in the SIGHT lines with the rifting event interpreted in this paper, supported by the rejection of the interpretation of oceanic crust by Mortimer et al. [2002] .
[49] The crystalline crust thins from 21-23 km at the flanks of the Bounty Trough to some 9-10 km under the trough. If this crustal thickness variation is the result of crustal thinning beneath the Bounty Trough, it indicates very high stretching factors (b). As it is difficult to map the interface between the upper and lower crust, we calculated stretching factors for the entire crust. Calculated b-factors between 2.7 and 4.4 assume either an original thickness of 24 km, as observed under the Bounty Platform or 40 km as postulated by Bradshaw [1991] . A stretching factor of 3.3 is close to the value at which oceanic crust would form [Allen and Allen, 1990] . Our very high stretching factor and the fact that the interpreted magmatic intrusions reach far into the upper crust suggest that, at the location of our transect, rifting of the Bounty Trough ceased at or shortly after the onset of seafloor spreading. Depending on its timing, the location of rifting could have moved from the incipient Bounty Trough ocean to the later Campbell Plateau -Marie Byrd Land rift zone, as envisaged in the reconstructions of Eagles et al. [2004] .
[50] Davy and Wood [1994] modeled the Chatham Rise crust as ca. 25 km thick. The crust at the margin of the Bounty Platform is about 24-26 km (this paper). Crustal thickness at the center of the Campbell Plateau is about 27 km (J. Grobys et al., paper submitted to Tectonophysics, 2006) . Moho depth beneath the formerly adjacent western Marie Byrd Land was estimated to be at least 25 -30 km [Ritzwoller et al., 2001; Luyendyk et al., 2003] . In western Marie Byrd Land, observed dikes and faults strike at a high angle to the rifted continental margin [Luyendyk et al., 2003] . The extension direction these authors recorded for Colbeck Trough, formerly adjacent to Campbell Plateau, is almost perpendicular to the direction of initial seafloor spreading between Marie Byrd Land and the Campbell Plateau [Eagles et al., 2004] . The Colbeck Trough is attributed to intracontinental extension at 105 -96 Ma [Fitzgerald, 2002; Luyendyk et al., 2003 ] that supposedly led to the formation of the west Antarctic and Ross Sea Rift system. From these indications, we suggest cautiously that the thinned crust of the Campbell Plateau and the Chatham Rise might be a result from the same event.
[51] The Bounty Trough lies in a setting that has been influenced by a Cretaceous and older subduction zone situated north of the Chatham Rise [Fitzgerald, 2002] and seafloor spreading to the east (south of the Chatham Islands) (Figure 2 ). Both processes could have had an influence on Bounty Trough opening. Spörli and Ballance [1989] proposed that the early extension was the result of back-arc processes, whereas Carter and Carter [1987] call the Bounty Trough a failed rift arm. In this context, we use the term ''rifting'' only for processes at divergent margins in contrast to extensional processes related to convergent margins, here addressed as ''back-arc extension''.
[52] The initial extension of a back-arc basin begins at the island arc, as it is the most ductile part of the system [Tamaki, 1985] . This interpretation would require the Chatham Rise to be a former island arc. The most prominent expressions of arcs are volcanic activity [Herzer, 1995] . Chatham Rise consists of schist and greywacke of the Torlesse Terrane [Adams and Robinson, 1977; Bradshaw et al., 1981] rather than arc volcanic deposits, and does not seem to have been a main zone of volcanic activity [Wood and Herzer, 1993] . Moho depths, and the velocity distribution over the Bounty Trough show a pronounced crustal thinning, consistent with the idea of a nonvolcanic rift arm ( Figure 9 ). The morphology of the Bounty Trough, a relatively broad sedimentary basin with steep flanks is a typical feature of an aulacogen [Burke, 1977] . What is more, the initiation of aulacogens is very often accompanied by the intrusion of igneous rocks [Burke, 1977] as indicated by high-velocity/high-density regions in the Bounty Trough.
[53] The combined interpretation of geophysical data points to an interpretation of the Bounty Trough as a failed rift arm. It cannot be ruled out that the rifting of the Bounty Trough followed preexisting zones of crustal weakness caused by the subduction of the Phoenix Plate under Chatham Rise. Sediments of the Torlesse Terrane were possibly deposited in a back-arc setting as suggested by Davy [1993] . Later on, they were thermally or mechanically reworked by phases of extension and compression. Albanian to Santonian (112 -83.5 Ma) calc-alkaline volcanics and rhyolites, found in the Chatham Islands and South Island graben sequences, have chemistries that imply a change from a compressional to an extensional regime [Barley et al., 1988] . This period of time coincides with the cessation of subduction of the Hikurangi Plateau [Davy, 2006] . It is possible that the subduction of the Phoenix Plate beneath the ancient Gondwana margin caused back-arc extension, as suggested by Forster and Lister [2003] , and provided the depositional setting for pre-Cretaceous sediments in the Bounty Trough, while the collision of the Hikurangi Plateau caused the compressional forces that metamorphosed the pre-Cretaceous sediments (Figure 17 ).
Comparison With Other Rift Systems
[54] Comparisons of volcanic (Ethiopian Rift System, Red Sea, Oslo Rift) and nonvolcanic (Gulf of Aden) rift systems at the early stage of development reveal a number of processes that may have operated during Bounty Trough opening. High-velocity zones are interpreted as cooled magmatic intrusions/underplating of similar spatial extent to those in the Bounty Trough. The Oslo Rift intrusions for example are estimated to have a volume of ca. 200,000-400,000 km 3 [Pedersen and van der Beek, 1994] . Dugda et al. [2005] observed increased Poisson's ratios similar to those in areas of the Bounty Trough in parts of the Ethiopian rift zone. They suggested that they indicate a partial modification or replacement of the crust by mafic intrusions. Local gravity highs in a regional gravity low, as found in the Bounty Trough, have been observed for example in the Dniepr-Donets Basin where they are also explained as an intrusion of magmatic and ultramafic rocks [Yegorova et al., 1999] . The strong similarities in the observations mentioned above at the Bounty Trough to other rift systems confirm the notion that the Bounty Trough was a typical large rift system.
[55] Magmatic cells aligned obliquely to the direction of extension in the East African Rift System and the Red Sea [e.g., Ebinger and Casey, 2001] are interpreted as the loci of extension within a nascent rift system [Dugda et al., 2005] . This notion can also explain the correlated gravity-magnetic anomaly patterns in the Middle Bounty Trough. In the Inner Bounty Trough crustal thinning probably occurred to a lesser extent, because here gravity anomaly patterns do not correlate with magnetic anomalies. Gravity anomaly patterns as observed in the East African Rift System or the Red Sea are absent in the Outer Bounty Trough, where oceanic crust was formed. On the basis of the comparison with the gravity patterns mentioned above, it is reasonable to interpret the gravity patterns in the Middle Bounty Trough as the expressions of magmatic cells related to incipient seafloor spreading.
[56] Evidence for large mafic intrusions in the Bounty Trough, as well as the strong structural asymmetry, do not comply well with the two end-member modes of extension. The pure shear model, where extension is distributed through the lithosphere uniformly with depth, predicts a symmetric rift architecture and crustal thinning [Latin and White, 1990] . In contrast, in developing an extensional model to explain structural styles in Basin and Range, Wernicke and Burchfiel [1982] suggested a lithosphere-scale detachment system. This model, along with other variations of simple shear extension models, can explain strong structural asymmetry across the rift. Latin and White [1990] found that very little magma is produced by simple shear extension. More recent studies [Ro and Faleide, 1992; Louden and Chian, 1999] have synthesized both extensional end-member models and proposed a multistage extension model that incorporates a transition from initial pure shear extension to later simple shear extension. This transitional model could well explain the rift-related features observed in the Bounty Trough, where we observe a strong asymmetry of the Moho as well as large intrusions into the crust, elements of both rift models (Figure 17 ).
Conclusions
[57] The CAMP refraction survey and subsequent modeling have revealed much about the extensional processes associated with the Bounty Trough opening. Quantification of the amount of crustal stretching and intrusion contributes to an understanding of rift processes in general and will improve plate kinematic reconstructions of the southwestern Pacific in particular. This first combined wide-angle reflection/refraction and MCS line across the Bounty Trough provides the most detailed information on deep structures of
